We reconsider the problem of f (R) theories of gravity coupled to Born-Infeld theory of electrodynamics formulated in a Palatini approach, where metric and connection are independent fields. By studying electrovacuum configurations in a static and spherically symmetric space-time, we find solutions which reduce to their Reissner-Nordström counterparts at large distances but undergo important non-perturbative modifications close to the center. Our new analysis reveals that the point-like singularity is replaced by a finite-size wormhole structure, which provides a geodesically complete and thus nonsingular space-time, despite the existence of curvature divergences at the wormhole throat. Implications of these results, in particular for the cosmic censorship conjecture, are discussed.
I. INTRODUCTION
The quest for regular solutions has historically been a powerful driving force in Physics. A well known example is given by the problem of the divergence of Coulomb's field in classical electrodynamics. Consideration of this problem gave rise to the development of classical models of the electromagnetic field, most remarkably the one introduced by Born and Infeld [1] . In such model, at far distances Coulomb's field is recovered, while deviations close to the center yield a finite total energy, though singularities are still present under the form of delta-like sources at r = 0. As is well known, the full resolution of this problem was only achieved within the framework of quantum theory.
Space-time singularities are different beasts. As opposed to singularities of the fields living on a fixed spacetime background, these are singularities of the background itself. Indeed, because they represent a breakdown of the geometry, this even prevents to speak of singularities as some troublesome event occurring in a specific location of the space-time, since the absence of a well defined geometry makes one not able to speak on such a "location" (see for instance the discussion presented in Ref. [2] ). This difficulty was explicitly acknowledged during the development of the singularity theorems * bambi@fudan.edu.cn † alejandro.cardenasa@konradlorenz.edu.co ‡ gonzalo.olmo@csic.es § drgarcia@fc.ul.pt [3] . To overcome it, one focuses instead on the idea of geodesic completeness and singularities are thus attached to the existence of geodesic curves terminating on a finite length of the affine parameter [4] . In this way, under the requirements of the existence of trapped surfaces, global hyperbolicity and the fulfillment of the null congruence condition (which is equivalent to the energy conditions, provided that the Einstein equations of General Relativity (GR) hold), the singularity theorems tell us that space-time singularities are unavoidable [5] . When a geodesic curve cannot be arbitrarily extended, one is tempted to assume that this happened due to the existence of some kind of pathology in the structure of space-time, like the blow up of curvature scalars for instance. Although this is not what the theorems on singularities say, there is a widespread identification between space-time singularities and curvature divergences in the literature, which has shaped numerous attempts to overcome the singularity problem in the context of GR, by constructing ad hoc classical geometries where the curvature scalars are bounded (see e.g., Ref. [6] for a review). This has been highly influenced by the success of Bardeen's solution [7] , where a magnetic monopole, solution of a non-linear electrodynamics model [8] , gets rid of curvature divergences (and becomes geodesically complete) by introducing a de Sitter core at the center [9] . This gives a great relevance to classical models like the Born-Infeld one, which consequently have been widely studied [10] , with the result that curvature divergences can be softened, but not completely got rid of. The latter requires instead more exotic models violating the energy conditions or which are physically troublesome [11, 12] .
Nonetheless, let us stress that geodesic completeness is regarded in the literature as the most fundamental criteria to discuss space-time singularities 1 above the intuitive criterion of curvature scalars [3, 5, 13] , and that no identification exists between the former and the latter.
A different viewpoint on this issue, is to assume that the dynamic at very short scales is not fully captured by GR. Space-time singularities are thus viewed as an artifact resulting from the inadequacy of GR to deal with extreme scenarios, like the innermost region of black holes. One of the simplest extensions of GR is that of f (R) gravity, which has been extensively studied in the literature (see for instance Ref. [14] for some reviews and also [15] for some recent work). In this sense, in Ref. [16] two of us considered an f (R) = R − γR 2 model, formulated in the Palatini approach, where the metric and connection are not constrained a priori, but instead determined by independent variations of the action [17] . Such an approach is supported by the effective geometries arising from the study of the continuum limit of crystalline systems with defects on their microstructure [18, 19] , where different types of defects require different geometric structures. The Palatini formulation hinges on the fact that metric-affine geometric scenarios might be relevant in gravitational physics too.
The new gravitational dynamics present on f (R) theories can only be excited when coupled to a matter source whose energy-momentum tensor is non-traceless. This prevents using Maxwell electrodynamics to obtain modifications with respect to GR solutions. For this reason, in Ref. [16] the Born-Infeld (BI) nonlinear electromagnetic theory was used, which allowed the authors to compare the solutions with those obtained in GR in static and spherically symmetric space-times. That work identified the existence of solutions which reduce to the BI counterpart of GR at large distances, but undergo important modifications near the center with two main features, i.e., the existence of a core at a distance r = r c = 0, and the softening of curvature divergences, from the ∼ 1/r 4 divergence of the BI-GR case [and the ∼ 1/r 8 of the ReissnerNordström (RN) solution], down to ∼ 1/(r − r c ) 2 . Supported on a series of results obtained in the last few years regarding other Palatini theories [20, 21] , the aim of this paper is to revisit the results of Ref. [16] (which are summarized in Sec. II, for the reader's convenience and completeness) and identify two new important aspects previously unnoticed. First, in Sec. III we show that the core at r = r c actually represents the throat of a wormhole. Second, in Sec. IV we show that the presence of the wormhole yields a geodesically complete space-time for both null, time-like and space-like geodesics, no matter the behavior of the curvature scalars. The geodesic completeness of these solutions puts forward that this f (R) theory with a matter source satisfying the energy conditions is yielding nonsingular space-times, which is in sharp contrast with the RN and BI solutions of GR, and the standard approaches to the resolution of spacetime singularities typically found in the literature. The conclusions are presented in Sec. V.
In this section we shall revisit the main results developed in Ref. [16] , corresponding to an action S = S G + S BI , where S G is the gravitational sector
where κ 2 = 8πG (in units c = 1), g is the determinant of the space-time metric g µν , which is independent of the affine connection Γ ≡ Γ ρ µν (Palatini or metric-affine approach [17] ), R = g µν R µν (Γ) is the curvature scalar constructed with the Ricci tensor R µν (Γ), which only depends on the affine connection Γ, and f (R) = R − γR 2 is the particular model we will be interested in this work, with γ a small parameter with dimensions of length squared. In their more standard metric formulation (i.e., a connection compatible with the metric a priori), these types of quadratic f (R) models have attracted a lot of attention in the context of inflation [22] . For the purposes of this work we shall assume γ > 0. The matter sector is described by Born-Infeld theory of electrodynamics,
where
F µν F * µν are the field invariants which can be constructed with the Maxwell field strength tensor
By introducing an auxiliary metric h µν = f R g µν , which is conformally related with g µν , the field equations in Palatini f (R) gravity can be cast in Einstein-like form [16] 
We recall, see [16] for details, that f R ≡ df /dR is a function of the trace T of the energy-momentum tensor [in the particular case f (R) = R−γR 2 , one has that R = −κ 2 T , which is the same relation as in GR], which means that the right-hand-side of the field equations (3) is just a function of the matter. This implies that (3) represents a system of second-order field equations for the metric h µν , which is in sharp contrast with the generic fourth-order field equations that one finds in the metric formulation of these theories [14] .
From the generic expression of the energy-momentum tensor for non-linear electrodynamics
one verifies that the trace,
, is nonvanishing for the case of Born-Infeld theory. This way, one is able to provide modified dynamics to the field equations (3) and, therefore, to g µν . Note that in vacuum, T µ ν = 0, one has g µν = h µν and the field equations (3) reduce to those of GR with a cosmological constant and, therefore, the theory is free of ghosts. Let us point out that both the second-order character of the field equations and the absence of ghost is a generic characteristic of the Palatini formulation of modified gravity, which holds for models including Ricci-squared terms [20] , in Born-Infeld gravity actions [21, 23] , and in higherdimensions [24] .
Solving the above equations for h µν and using the conformal transformation at the end, a solution for g µν in a (electro-)static, spherically symmetric space-time with X = F 2 tr , Y = 0 can be obtained in exact form [16] . To simplify the notation, we introduce a length scale for the charge r r q l β . Using this notation, the line element can be conveniently written as
where the function A(x) can be written by introducing the standard mass ansatz A(x) = 1 − 2M (x)/x, which in this case is given by
where the function G(z) satisfies
and we have the important relation
which follows from the conformal relation between h µν and g µν and allows us to obtain z = z(x). Deriving Eq. (8) we also obtain the equation
which shall be useful later. The function G(z) gets contributions from two sides:
where α ≡ γ/(2πl 2 β ), and the Born-Infeld model
In this way, the problem is characterized by three parameters, namely
(where r S ≡ 2M 0 is Schwarzschild radius) and α. In the limit α → 0 we have f R → 1 and thus we recover the solutions of Born-Infeld theory in GR [10] . On the other hand, the limit α → ∞ corresponds to the Maxwell theory which, as was already mentioned, takes us back to the RN space-time of GR.
III. WORMHOLE STRUCTURE AND MAIN FEATURES
The space-time described by the line element (5) corresponds to a modification of the solution of Born-Infeld electrodynamics coupled to GR, which is recovered a few units away from the surface r = r c , where large nonperturbative corrections occur. For z ≫ 1 one obtains
(15) The first three terms correspond to the RN solution with mass and charge of GR. Next we find the Born-Infeld induced corrections (where γ = γ(α) is some constant) and those of f (R) gravity, both of which are largely suppressed. In terms of horizons, a numerical analysis reveals [16] that the typical structure of two horizons, a single (degenerate) one, or none of the RN solution is restored, which is in contrast with the additional structures found in the Born-Infeld-GR case, where black holes with a single (non-degenerate) horizon may arise [10] .
To investigate the structure of the region r ≃ r c in detail, Eq. (8) is very important. Given that an analytical expression for z = z(x) is difficult to write, in Fig.1 
at the location x = 0. This minimum in the area function denotes the existence of a wormhole [25] and prevents the use of z as a good radial coordinate across the throat. Figure 1 . Behavior of the radial function z(x). For large |x|, one has z 2 ∼ x 2 and the standard GR result. Note the bounce of the radial coordinate at z = zc(α). This behavior is reminiscent of a wormhole geometry with z = zc(α) the location of the wormhole throat. When α = 0 the throat closes and we recover the GR point-like singularity. The dashed (red) curve has α = 10 −2 , the green (dotted) curve α = 10 −1 , and the solid (blue) curve corresponds to α = 1.
To further understand this geometry around z ≃ z c , we expand the metric functions there. For G(z) we find
where a(α) > 0, b(α) > 0 are some constants with an involved dependence on α. Similarly, using the expansion of f R :
where c(α) > 0, d(α) > 0 is another pair of constants. From Eq.(6) one finally gets
The divergent behavior of A(x) at z = z c (α) (i.e., x = 0) induces similar divergences in the curvature invariants. For example, the Kretchsmann scalar, K = R α βγδ R α βγδ diverges there as
These divergences occur on a spherical surface of area S(z c ) = 4πz 2 c , and are much milder than in the case of GR: in the standard RN solution one finds a divergence ∼ 1/r 8 , which can be tamed down to 1/z 4 in the Born-Infeld case when the model parameters are properly chosen.
Despite the appearance of curvature divergences at the surface z = z c (α), the existence of the wormhole structure can be further reinforced exploring the definition of the electric charge in our theory. This can be defined through the flux integral Φ =
where * F is Hodge dual of the field strength tensor and the integration takes over an S 2 sphere (or any other 2-surface) enclosing the wormhole throat x = 0. If we take a sphere on the x > 0 region, the result of the integral is equal in magnitude but of opposite sign to the integral performed on the x < 0 region due to their different orientation (the normal to the surface goes in the direction of growing x when x > 0 but in the direction of decreasing x when x < 0). The nonzero flux on each side defines a charge despite the absence of a charge density. This is a topological effect well known in the literature. In fact, this combination of a topologically non-trivial structure with a sourceless electric field can be seen as a explicit realization of the concept of geon introduced by Wheeler [26] , and the proposed charge-without-charge mechanism [27] . It should be noted that in the GR case, i.e., when α = 0, the wormhole throat closes and the well known problems with point-like sources of GR arise [28] . Let us point out that the sources problem cannot be solved for any theory of non-linear electrodynamics in the context of GR [29] , so the introduction of the f (R) model is essential.
These wormhole solutions have further interesting properties, related to the rate of growth of the intensity of the electric flux with the wormhole throat area, i.e., Φ 4πr 2 c z 2
This result is independent on the specific amounts of charge and mass present in the system, and only depends on the parameter α governing the deviations with respect to GR. Since as long as α = 0 the electric flux is non-zero, it follows that this theory possesses topological properties (wormhole) which are independent of its geometric aspects (curvature divergences). This way we are naturally led to study the geodesic structure in this space-time to see if its nontrivial topological structure affects its properties concerning singularities.
IV. GEODESIC COMPLETENESS
A geodesic curve γ µ = x µ (λ), where λ is the affine parameter, satisfies the equation [30, 31] 
Given that in Palatini theories the action is defined by assuming as independent the metric and the affine connection, one should clarify what connection is being used in the above equation. In this sense, we point out that in our framework the matter sector does not couple directly to the connection, which implies that the matter energy-momentum tensor is conserved with respect to the covariant derivative defined with the Levi-Civita connection of the metric, ∇ g µ T µν = 0. The physical meaning of this statement is that test particles should move on geodesics of the metric and, for this reason, here we will consider those. In our theory, therefore, the role of the independent connection is that of modifying the field equations that generate the metric but it does not act directly on the matter fields. This is what happens in all theories of gravity that satisfy the Einstein Equivalence Principle, such as in scalar-tensor theories, for instance, where the additional gravitational fields help to generate the space-time curvature but do not couple directly to the matter. Note, in addition, that we are using a sourceless electromagnetic field whose field equations ∇ µ ( √ −gϕ X F µν ) = 0, are insensitive to the details of the particular (symmetric) connection chosen.
The geodesic equation (23) can be alternatively written making use of the unit four vector u µ = dx µ /dλ as
Instead of solving (24) directly, we use the fact that u µ u µ = −k where k = 0(1) for null(timelike) geodesics. Moreover, without loss of generality, in our static spherically symmetric space-time we can rotate the coordinate system to make it coincide with the plane θ = π/2. We can also identify two constants of the motion, E = A −1 dt/dλ and L = r 2 dϕ/dr, which simplifies the analysis. For time-like geodesics E carries the meaning of the total energy per unit mass and L that of the angular momentum per unit mass around an axis normal to the plane θ = π/2. For null geodesics both E and L lack a proper meaning by themselves, but we can identify L/E as an impact parameter [31] . Under these conditions, one can write the geodesic equation corresponding to the line element (5) as
This equation is similar to that describing the motion of a particle in a Newtonian potential V (x), and is analogous to that found in scenarios including Ricci-squared corrections to the gravitational Lagrangian [32] . However, in the case considered here, the fact that f R → 0 as x ≃ 0 restricts that interpretation to regions with large |x|. Using the relation x 2 = z 2 /f R and Eq. (9) and redefiningλ ≡ λ/r c , we can write the above equation on one of the sides of the wormhole as (where the sign + (−) corresponds to ingoing (outgoing) geodesics)
which facilitates the analysis. Note that this equation holds for any f (R) gravity, provided that its line element can be written under the form (5). Let us first consider null geodesics with angular momentum (k = 0, L = 0), and time-like geodesics (k = 1). We first note that since these space-times reduce to their GR counterparts for z ≫ 1 we can safely assume the GR geodesic behavior there. Now, using the expansions (18) and (19) we study the relevant region around the wormhole throat z = z c (α). This way one gets the result
(28) Given the behavior of the terms within the square root, it follows that for these geodesics the square root must vanish before the throat at z = z c is reached, regardless of the energy carried by the particle, which implies that these geodesics cannot reach the wormhole. This behavior is similar to that found in the RN solution of GR, where time-like and null geodesics with L = 0 cannot overcome the infinite barrier generated by the central object [31] .
More interesting results are found for null radial geodesics (k = 0, L = 0), where the geodesic equation (27) can be written as
For z ≫ 1, this equation simply gives Eλ(z) ≃ ±z, which is in complete agreement with the GR prediction. Near the region z = z c , using again the expansions (18) and (19), we get
This is in sharp contrast with the behaviour of the standard RNsolution of GR, where the behavior Eλ(z) = ±z persists at all scales. A numerical integration of the geodesic equation (29) for any z in the f (R) case has been depicted in Fig. 2 , and compared to the GR behavior (dashed lines). In the GR case, radial null geodesics do reach the center, x → 0, in a finite time of the affine parameter [31] and the space-time is regarded as singular, due to the fact that the geometry cannot be further extended (because z > 0). In the GR case, therefore, there is a correspondence between geodesic incompleteness and the divergence of curvature scalars. However, in our case, the deformation of the space-time near the region x = 0, due to the presence of the wormhole structure, allows null radial geodesics to be extended to arbitrarily large values of the affine parameter, i. e.,λ(z) ∈] − ∞, +∞[. (29) and α = 1 (solid blue lines). For z ≫ 1 the geodesic behavior is the same as in GR (dashed red lines). As we approach zc(λ) the deviations are manifest, and the geodesics can be extended to arbitrarily large values of the affine parameter, in contrast to the GR case. This avoidance of singularities holds as long as α = 0.
For completeness, let us also consider the case of spacelike geodesics, i. e., k = −1. We note first that while the completeness of null and time-like geodesics is of direct physical significance, as they are related with physical observers and the transmission of information, the relevance of space-like geodesics being complete or not is rather unclear (see for instance the discussion presented in Ref. [5] ). For this reason, it is reasonable to assume that time-like and null completeness are the minimal physical conditions for a space-time to be singularity-free. Going into the point, inspection of Eq. (28) 
Given that x is defined on the whole real line, it is now apparent thatλ(x) can be smoothly extended across the wormhole throat, which verifies that space-like geodesics in this geometry are complete as well.
The picture that emerges from this analysis is the existence of a geodesically complete space-time 2 divided in two sectors (one on each side of the wormhole throat) which are causally disconnected from each other and, therefore, cannot exchange information. This is due to the fact that radial null geodesics, which are associated to light rays, take an infinite time to reach any of the wormhole mouths, which means that these wormholes lie on the future (or past) boundary of the space-time and, therefore, endless geodesics will never reach this future (or past) boundary. This implies the possibility of a geodesic traveling infinitely from past to future remaining in a finite spatial region (on one of the sides of the wormhole) and avoiding singular behaviour [2] . It is worth noting that in other scenarios geodesic completeness can be achieved even if time-like and null geodesics effectively go through regions with curvature divergences. This is the case, for instance, of Palatini theories with more general curvature dependencies [32] and also of wormholes in GR under the standard thin-shell approximation [25] . In these cases, one might be concerned with the impact of curvature divergences on physical observers [34] , as studied in [35] [36] [37] , but that is an aspect that does not affect the model presented here.
V. CONCLUSIONS
The results obtained in this paper show that even simple extensions of General Relativity, such as quadratic f (R) gravity, may provide useful insights into the resolution of space-time singularities in conventional fourdimensional classical scenarios. The new gravitational dynamics yields a geometry in which point-like singularities are replaced by a wormhole structure, of area 4πr curvature divergences arise at the wormhole throat, we show that the resulting geometry is geodesically complete and, therefore, nonsingular. We point out that this result follows from a combination of gravitational and matter actions that satisfy all the energy conditions, and does not rely on any particular quantum gravity scheme: the singularity avoidance is realized in terms of a classical space-time geometry.
Together with the results obtained in other theories of gravity including higher-order corrections in the curvature invariants [32] , it seems that the singularity avoidance is a generic and robust feature of Palatini gravities, resulting from the emergence of a topological wormhole structure close to the center of the black hole. This property is not unique of four dimensional models and persists in higher dimensional scenarios [24, 38] . We also note that the same models that remove the point-like singularity in black holes, also produce nonsingular cosmologies where the Big Bang singularity is replaced by a cosmic bounce [23, 39] . These results might have relevant implications for the weak cosmic censorship conjecture, which establishes that singularities produced in the gravitational collapse should always be hidden behind an event horizon, so as not to be seen by distant observers [40] . The validity of this conjecture, originally introduced to ensure the predictability of the laws of physics, is still controversial [41] . Here we point out that if new highenergy physics occurring in the process of gravitational collapse could be described in terms of metric-affine or Palatini theories, like the one considered here, the avoidance of singularities [understood as geodesically complete space-times] would remove the need for such a conjecture. To offer a complete answer to this question is still premature, as current research in gravitational collapse in Palatini theories is rather scarce. In this sense, our results point out that the removal of space-time singularities is a non-perturbative phenomenon, which would imply the validity of GR up to scales very close to the center of black holes. Research along these lines is currently under way.
